Background-Current information on the epidemiology and outcomes of hypertrophic cardiomyopathy (HCM) in children is limited by disease diversity and small case series. Methods and Results-The Pediatric Cardiomyopathy Registry has collected prospective and retrospective data on children diagnosed with HCM since 1990. We identified the various causes of HCM in childhood and determined the relationship between outcomes, cause, and age at presentation. Of 855 patients Ͻ18 years of age with HCM, 8.7% (nϭ74) had inborn errors of metabolism, 9.0% (nϭ77) had malformation syndromes, 7.5% (nϭ64) had neuromuscular disorders, and 74.2% (nϭ634) had idiopathic HCM. Children with HCM associated with inborn errors of metabolism and malformation syndromes have significantly worse survival than the other 2 groups. Patients with idiopathic HCM diagnosed before 1 year of age (nϭ227) had worse survival from the time of diagnosis than those diagnosed after 1 year of age (nϭ407). Patients with idiopathic HCM who survived to at least 1 year of age, however, had an annual mortality rate of 1% that was similar regardless of whether they were diagnosed before or after 1 year of age. Conclusions-In children, HCM is a diverse disorder with outcomes that depend largely on cause and age. Patients presenting before 1 year of age have the broadest spectrum of causes and the poorest outcome. In those children with idiopathic HCM who survive beyond age 1, however, survival is independent of age at diagnosis, with an annual mortality rate (1%) that is much lower than previously reported in children and is not different from has been found in population-based studies in adults. 
T he Pediatric Cardiomyopathy Registry (PCMR) was initiated in 1994 to study the epidemiology and clinical course of cardiomyopathies in children. 1 Regardless of cause, the cardiomyopathies are generally categorized according to the dominant pathophysiology as dilated, hypertrophic, restrictive, or arrhythmogenic right ventricular dysplasia. Despite the limitations of this purely descriptive nomenclature, it is used by most pediatric cardiologists because it provides a clinically useful framework, 2 and for this reason, it was adopted by the PCMR.
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The clinical hallmark of hypertrophic cardiomyopathy (HCM) is ventricular hypertrophy without an identifiable hemodynamic cause. This phenotype represents a heterogeneous group of disorders, and this diversity is most apparent in childhood. Results of molecular studies conducted in adults with familial isolated HCM have implicated sarcomeric protein defects in a high percentage of patients, leading some investigators to suggest that use of the term HCM should be restricted to only patients with documented or suspected sarcomeric defects. 3 This convention has not been adopted in pediatric cardiology, in which the overwhelming majority of cases are genetically uncharacterized and most cases are not familial. Even in adults, systematic screening for sarcomeric defects accounts for only 40% to 60% of cases, 4 -6 and cause other than nonsarcomeric defects has been increasingly rec-ognized. 3, [7] [8] [9] We have therefore used the term HCM to imply phenotype and used the system of classification that has been recommended in the 2 systematic published nomenclatures in pediatric heart disease. 10, 11 The present article reports the PCMR data for epidemiology and outcome in HCM, including its primary (isolated) and secondary (systemic) forms.
Methods
The PCMR study design and implementation are described in detail elsewhere. 1, 12 In brief, patients Ͻ18 years of age newly diagnosed with cardiomyopathy are eligible for inclusion in the registry. Diagnosis of HCM is based on the finding of regional or global left ventricular hypertrophy based on strict criteria (wall thickness Ͼ2 SD above the normal population mean for body surface area 1 ) in the absence of a defined hemodynamic cause such as hypertension, congenital heart disease, or exposure to drugs known to cause cardiac hypertrophy. Patients with normal systolic ventricular function (defined as above the lower limits of normal for age 1 ) were classified as "pure" HCM; patients with depressed ventricular function were defined as having a "mixed" form of cardiomyopathy. We report in the present study only the data for patients with pure HCM.
Data are collected in 2 ways. First, 98 private and institutional centers in the United States and Canada voluntarily submit data to the registry. 1 In addition, 2 geographic regions were targeted for comprehensive patient recruitment: the central Southwest (Arkansas, Oklahoma, and Texas) and New England (Connecticut, Maine, Massachusetts, New Hampshire, Rhode Island, and Vermont). Data in these regions are collected by an outreach team that regularly travels to the participating centers, enrolling new cases and abstracting relevant data from medical records.
Patients fall into 2 cohorts. The prospective cohort consists of patients diagnosed on or after January 1, 1996. Within the 2 geographic regions, the goal is to identify all children with cardiomyopathy. The retrospective cohort comprises patients with cardiomyopathy who were first diagnosed on or after January 1, 1990, but before 1996. The retrospective nature of enrollment in this group precludes assurance of complete capture, but the observation period is longer. Follow-up data are available up to February 25, 2003 .
Details of the data collection methods for the PCMR have been previously published. 1 Collected data include demographic descriptors and all information relevant to the cardiomyopathy, including personal history, family history, clinical data, laboratory data, and outcome. Patients in whom no specific origin had been established were classified as idiopathic HCM (IHCM; nϭ634) and for purposes 
Echocardiographic data at diagnosis of HCM* *Probability values included with characteristic name are for the comparisons of IEM vs MFS vs NMD vs IHCM. †All echocardiographic z scores in all causal groups have been tested for statistical difference from normal (z scoreϭ0). Only the following echocardiographic z scores were not statistically different from normal (PϾ0.01): for IEM, EDD z score and fractional shortening z score; for MFS, LV mass z score.
Statistical Methods
Body surface area was calculated from height and weight. 13 Left ventricular end-diastolic dimension, free wall thickness, septal thickness, and mass were expressed as z scores relative to the distribution of these measurements versus body surface area in normal children, 14 and fractional shortening was expressed as the z score relative to age. 15 Incidence estimates are based on the prospective cohort from the 2 geographic regions for 1996 through 2000 using methods described elsewhere. 12 The distributions of categorical variables by groups were compared using the Fisher exact test unless otherwise noted. Two-and 3-group comparisons for normal continuous variables were conducted using Student t test and ANOVA, respectively, whereas skewed data were compared using the Wilcoxon rank sum and Kruskal-Wallis tests. Comparisons of 3 or more groups of normal continuous variables were analyzed using the ANOVA test, whereas skewed data were compared using the Kruskal-Wallis test.
The Mantel-Haenszel test for linear trend was used to examine the age at diagnosis by cause of HCM. Survival curves and estimates were calculated using the Kaplan-Meier method for time since diagnosis. Outcomes were death (with transplanted patients censored at the date of transplantation) and transplantation. Group differences in survival were assessed using the log-rank test. Cumulative incidence competing risk estimates, 16 which do not assume independence between transplant and death, also were calculated but were nearly identical to the Kaplan-Meier estimates and are not included in the present report.
To control for the large number of subgroup analyses and for multiple comparisons, a significance level of 0.01 was used. All analyses were conducted with the Statistical Analysis System, version 9.1, and S-Plus 6.1.
The authors had full access to and take full responsibility for the integrity of the data. All authors have read and agree to the manuscript as written.
Results
As of February 25, 2003 , 855 children who met the entrance criteria for "pure" HCM had been enrolled in the PCMR. Of these, 542 (63.4%) were enrolled prospectively, and 313 (36.6%) were enrolled retrospectively. The prospective and retrospective cohorts were compared with respect to cause and clinical characteristics obtained at the time of diagnosis. The frequency of different causes, clinical characteristics, and family history were similar in the 2 groups, except that a family history of arrhythmia was more common in the prospective cohort (8.2% versus 2.3%; Pϭ0.005). Echocardiographic findings were similar in the 2 cohorts, except that both mean septal thickness z score and mean left ventricular mass z score were lower in the prospective cohort than in the retrospective cohort (3.08Ϯ2.51 versus 3.73Ϯ2.41, Pϭ0.002; and 1.65Ϯ2.68 versus 2.46Ϯ2.66, PϽ0.001, respectively). There were no significant differences in outcomes between the prospective and retrospective cohorts. Because of the similarity of the 2 groups, only the data on the combined groups are presented, except for the incidence data, which pertain exclusively to cases from the 2 geographic regions in the prospective cohort.
Incidence
The incidence data reported in the present study include the data from 1996 to 2000 for pure HCM. 12 The overall annual incidence of pure HCM (nϭ246) in the prospective regional cohort was 4.7 (95% CI, 4.1 to 5.3) per 1 million children (Table 1 ). There was a higher incidence in the New England than in the central Southwest region (Pϭ0.009), in boys than in girls (PϽ0.001), and in children diagnosed at Ͻ1 year of age than in older children (PϽ0.001). The interaction between sex and age was significant (Pϭ0.007), with no sex difference in infants but a higher incidence of HCM in boys than in girls Ն1 year of age (4.4 versus 1.9 cases per 1 million children per year).
The annual incidence of IHCM (nϭ190) was 3.6 (95% CI, 3.1 to 4.2) per 1 million children. Subgroup differences in incidence for the IHCM patients were similar to those of the group as a whole, except that the regional difference was not present (Table 2) .
Patient Characteristics
The combined retrospective and prospective cohorts were classified according to cause over all available follow-up (Table 3 ). The IHCM group accounted for 74.2% of cases (nϭ634), with the remainder divided nearly equally among the other 3 categories. For all patients who presented before 1 year of age, 48 (14.6%) had IEM, 50 (15.2%) had MFS, 3 (0.9%) had NMD, and 227 (69.2%) had IHCM. There were significant differences among the etiologic categories for age at diagnosis, congestive heart failure (CHF) at diagnosis, and nearly all echocardiographic z scores. Patients with IEM or MFS were diagnosed with HCM earlier in life than those with NMD or IHCM (all PϽ0.001), and those with NMD were diagnosed later than those with IHCM (PϽ0.001). Children with IEM, compared with those with NMD and those with IHCM, also had a higher rate of CHF at diagnosis (both PϽ0.001), higher end-diastolic dimension z scores (Pϭ0.012 and PϽ0.001, respectively), and lower fractional shortening z scores (both PϽ0.001). As a group, patients with IEM and NMD were characterized by concentric hypertrophy, whereas the IHCM group had a median septal thickness 1.4 times that of the posterior wall.
The diversity of diagnoses in childhood HCM is illustrated by the observation that a total of 42 specific causes were identified in this cohort. The frequency, number of deaths, and age at death for each of these 42 causes are presented in Table I of the online Data Supplement. Of interest, a single cause predominated within each of the disease categories: Pompe disease accounted for 33.8% of the cases with IEM, Noonan syndrome accounted for 77.9% of the cases with MFS, and Friedreich ataxia accounted for 87.5% of the cases with NMD.
Of the 634 patients with IHCM, 227 (35.8%) were diagnosed before 1 year of age (IHCM Ͻ1YR group), and 407 (64.2%) presented after 1 year of age (IHCM Ն1YR group). Comparison of the retrospective (nϭ209) and prospective (nϭ425) IHCM cohorts demonstrated no significant differences for echocardiographic data (Table II of the online Data Supplement). These groups were therefore pooled for the remainder of the analysis. The IHCM group comprised 109 familial and 525 sporadic cases. The familial and sporadic groups demonstrated no significant differences with regard to race, age at diagnosis, sex distribution, frequency of CHF at Figure 1 . Survival rates from diagnosis of cardiomyopathy to death (A; log-rank PϽ0.001) and death or transplantation (B; log-rank PϽ0.001) in the combined prospective and retrospective cohorts (Nϭ855) by age at diagnosis (Ͻ1, 1 to Ͻ6, 6 to Ͻ12, and 12 to Ͻ18 years). *Maximum follow-up observation in this group is only 9.0 years.
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diagnosis, or survival. Racial distribution was not different for the IHCM Ͻ1YR and IHCM Ն1YR groups (Table 4) , but there was a male predilection in the IHCM Ն1YR group. CHF was significantly more common at the time of diagnosis in the IHCM Ͻ1YR group, and fractional shortening z score was higher in the IHCM Ն1YR group (both PϽ0.001).
Outcomes
The median follow-up period for patients who did not die or undergo cardiac transplantation was 2.1 years (25th to 75th percentile, 6.2 months to 12.3 years). There were 96 deaths, 18 cardiac transplantations, and 11 patients who developed dilated cardiomyopathy in the combined prospective and retrospective cohorts. There were 36 deaths in the IEM group, 15 in the MFS group, 2 in the NMD group, and 43 in the IHCM group. Within the IHCM group, 30 deaths occurred in the IHCM Ͻ1YR group and 13 in the IHCM Ն1YR patients. Mode of death, when known, was sudden in 8 of 18 in the IHCM Ͻ1YR group and 8 of 8 in the IHCM Ն1YR. The 328 patients diagnosed as infants had significantly poorer survival ( Figure 1A ) and event-free survival ( Figure 1B ) from the time of diagnosis than children presenting after age 1 year (logrank PϽ0.001). Eighty-eight (36%) of the HCM Ͻ1YR presented with CHF; of these, 36 (41%) died. Survival rates from the time of HCM diagnosis ( Table 5 , Figures 1 and 2) were poorer in patients with IEM and MFS compared with NMD or IHCM patients (all log-rank PϽ0.001). Survival from the time of diagnosis differed significantly by age at diagnosis for children with IEM and IHCM (both log-rank PϽ0.001) but not for children with MFS or NMD (Figure 2) . Overall, patients with IHCM who were alive at Ͼ1 year of age had an annual mortality of 1.0 per 100 patient-years. This group was made up of the IHCM Ն1YR group, who had an annual mortality of 1.1 per 100 patient-years, and children diagnosed at age Ͻ1 year who survived past 1 year of age, who had an annual mortality of 0.7 per 100 patient-years (log-rank Pϭ0.386). The distribution of age at death in IHCM (Figure 3 ) for all HCM ( Figure  3A ) and for IHCM ( Figure 3B ) appears to be bimodal, with highest frequencies during infancy and adolescence. Children with HCM associated with IEM and MFS presenting with HCM before 1 year of age have a particularly poor prognosis, with a 5-year survival post-HCM diagnosis of 26.3% (95% CI, 11.4 to 41.1) and 65.8% (95% CI, 50.9 to 80.7), respectively.
Discussion
In the PCMR, we enrolled a cohort of pediatric patients with HCM that is much larger than previously reported, particularly with respect to the number of younger children. [17] [18] [19] [20] [21] [22] [23] [24] [25] The present study identified several characteristics of the disease in children. The incidence of both pure HCM and IHCM is highest in the first year of life. The heterogeneity of the disorder, as demonstrated in these results, is particularly notable in infants. Although nearly two thirds of pediatric HCM cases are idiopathic, a significant number are caused by IEM, MFS, and NMD. There are 2 important new findings in this study. First, overall, survival in pediatric patients with IHCM is much better than previously reported. Second, although, as previously reported, diagnosis of IHCM during infancy carries a worse prognosis, those children who survive beyond 1 year of age have similar survival rates regardless of age at diagnosis.
Outcome in IHCM
In this large series of pediatric patients with IHCM diagnosed or surviving past 1 year of age, we found a mortality rate of 1.0 per 100 patient-years. A recent population-based study of outcome in children diagnosed at Ͻ10 years of age from Australia 26 found an annual mortality of 1.5% in children diagnosed at Ͼ1 year of age, including patients with MFS. The survival rates in these 2 studies are much better than previously reported in children with HCM (3% to 8%) thought to be idiopathic. 22, 23, 25 Our experience parallels that in adults, in which the annual incidence of sudden death in HCM patients referred to tertiary care centers was reported to be 3% to 5%, but subsequent population studies in adults indicated a much lower annual mortality of 0.1% to 1%, [27] [28] [29] [30] [31] with asymptomatic adults at even lower risk. 32 Referral bias appears largely responsible for these differences.
Relationship of Outcome to Age at Diagnosis
The prognosis for infants with HCM is worse than in older children, and 36 of 328 of children (11%) diagnosed at Ͻ1 year of age died, including 36 of 88 (41%) who presented with CHF. Several prior reports have indicated that HCM presenting in infancy carries a worse prognosis than in older age groups, but the reported mortality rates have varied dramatically from 0% to 89% (9 of 11, 17 10 of 19, 18 1 of 13, 20 and 0 of 22 19 ). These disparities likely are due to small series that fail to reflect the wide variation in cause-specific survival. The poor survival in patients with IEM implies that survival statistics will be highly dependent on the number of patients with these diseases who are included in the cohort. Perhaps the most significant new finding reported here is the nonlinear hazard associated with diagnosis of IHCM during infancy; although the 1-year survival from the time of diagnosis of HCM in the IHCM Ͻ1YR cohort is 85.8% compared with 99.2% in IHCM Ն1YR, there is no difference in annual mortality between these 2 groups for those patients who survive beyond 1 year of age.
The causal classification of HCM has been seriously impeded by the inability to diagnose IHCM genetically and to diagnose the various forms of IEM reliably. Ultimately, causal diagnosis of HCM depends on molecular identification of the gene or the abnormal gene product. Until such testing is widely available, diagnosis depends almost exclusively on recognition of the clinical phenotype. This limitation has important implications for our present findings. First, our incidence estimates represent the number of children who manifest the phenotype, but they necessarily underestimate the number of genetically affected children. Second, HCM in infants presents unique issues in differential diagnosis. Patients with secondary forms of HCM often cannot be classified as to cause during the first year of life because etiologic diagnosis based on phenotype often is unreliable, laboratorybased diagnosis may require months or years to complete, and death frequently occurs before laboratory diagnosis. As a result, a large fraction of patients under 1 year of age with metabolic and mitochondrial disorders never achieve a laboratory diagnosis. In various patient series, diseases other than IHCM have accounted for 30% to 70% of HCM cases in patients Ͻ2 years of age. 20 Among our patients presenting before 1 year of age, 14.6% had IEM, 15.2% had MFS, 0.9% had NMD, and 69.2% were idiopathic.
Unlike in adults, 33 HCM in children is associated with numerous disorders other than those due to sarcomeric gene defects, as reported in the present study and elsewhere. 34 Although isolated case reports have described many disorders associated with HCM, several are seen with sufficient frequency to indicate that HCM is an intrinsic element of the disease. The classic infantile form of Pompe disease typically is associated with a severe and progressive HCM resulting in death by 2 years of age. Between 25% and 50% of patients with Friedreich ataxia have been reported to have HCM, but we found the clinical characteristics of the heart disease to be different from IHCM, with all patients in this cohort surviving to 20 years of age. HCM is seen in up to 30% of patients with Noonan's syndrome, 35, 36 with a significant risk for CHF and death. Even in the absence of other evidence of noncardiac involvement, nonsarcomeric abnormalities may be responsible. For example, the increased incidence of HCM in male individuals suggests that x-linked disorders such as Fabry disease, which was reported in 1 series to account for 4% of HCM in adults, 9 may account for a significant number of these patients.
Conclusions
HCM in children is a diverse disorder with origin-specific outcomes. Infants have a worse outcome, with HCM associated with IEM and MFS having a particularly poor prognosis. Infants with IHCM have a much better survival than previously reported, however, and for those who survive beyond 1 year of age, survival rates are not different from survival rates in patients diagnosed after 1 year of age. Overall, pediatric patients with IHCM who survive beyond or are diagnosed at Ͼ1 year of age have a mortality rate of 1.0 per 100 patient-years.
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